Introduction
of unwanted side products and the reaction occurs in a random manner so that Glycerolysis of triacylglycerols (TAG) with lipase in the liquid phase typically 19 yields only 30-50% MAG (Bornscheuer, 1995; Kaewthong & H-Kittikun, 2005 ).
20
Some authors improved their systems by carrying out the reaction first in a liquid 21 state, but reducing the temperature to crystallize the formed MAG. This led to a shift 22 in the reaction equilibrium so that yields increased to 70-90%. However, continuous 23 production of MAG by this method was impossible (Kaewthong & H-kittikun, 2005 ).
24
For the bioconversion of various lipophilic or water-insoluble compounds, it is 25 essential to introduce organic solvents into reaction systems to improve the solubility 1 of these reactants. Furthermore, use of suitable solvents system will result in more 2 homogeneous system and enhance the conversion of substrate, the reaction rate, and 3 the production distribution in favor of MAG formation as well as PUFA content in 4 MAG.
5
In this work, under the decision of enzymatic glycerolysis with tuna oil as 6 substrate, a list of solvents were first evaluated for the synthesis of MAG. Optimal 7 reaction parameters were investigated in order to obtain MAG in high yields as well 8 as with high PUFA (defined as EPA and DHA) content. Major focus was given to the 9 enrichment of EPA and DHA in the MAG fraction.
11

Materials and methods
12
Materials
13
Crude tuna oil, with water content of 4.7%, was provided from Chotiwat Industrial
14
Co. Ltd (Hat Yai, Thailand). The crude oil was obtained from skipjack tuna heads by 15 a conventional pressing method. The refined oil was achieved through degumming, 16 neutralization, bleaching, and deodorizing. Lipase AK, from Pseudomonas 17 fluorescens, with water content of 0.04%, was a gift from Amano (Nagoya, Japan).
18
Microporous polypropylene powder, Accurel EP-100 (particle size < 400μm) was a 19 gift from Akzo Nobel (Obermburg, Germany). All other chemicals and solvents used 20 were of reagent grade or analytical grade.
21
Hydrolytic activity of lipases
22
Hydrolytic activity of the immobilized lipase was determined by the modified cupric 23 acetate method of Lee and Rhee (1993) . One unit of hydrolytic activity was defined as the amount of enzyme which liberates 1 μmol equivalent of palmitic acid from palm 1 olein in 1 min at 30°C.
2
Preparation of immobilized lipase
3
Accurel EP-100 (10 g) was added to 100 ml of 0.1 M phosphate buffer (pH 7) 4 containing app. 100 U/ml Lipase AK and the reaction mixture was stirred with a 5 magnetic bar at 100 rpm for 30 min. Afterward, 100 ml of 0.1 M phosphate buffer 6 (pH 7) was added and the suspension was filtered through a Buchner funnel by Accurel EP-100 (IM-AK) was stored at 4°C for further uses.
10
Glycerolysis reaction
11
The initial glycerolysis experiments were carried out in a batch system. The reaction 
Analysis of glycerides by TLC-FID
18
The components of oil phase were analyzed with a thin-layer chromatography and solvent. After development and drying, the rods were subjected to scanning with FID.
25
Standards were used to identify the peaks. The peak areas were normalized and used 1 for evaluation of the reactions.
2
Analysis of fatty acids compositions 3 The fatty acid compositions of glyceride species were determined by converting into 4 fatty acid methyl esters (FAME) followed by GC analysis. After evaporating 5 excessive solvent of the sample, the mixture was applied to the normal TLC-plate 
20
Regiospecific analysis 21 The regiospecific analysis of tuna oil was conducted by Grignard degradation with 
Karl Fischer water content determination
The water content in the tuna oil, the immobilized lipase, and glycerol as well as in 1 the solvents was determined by Karl Fischer method (720 KFS Titrino, Switzerland, 2 using HYDRANAL titrant and solvents) (Xu, Fomuso and Akoh, 2000).
3
Statistical analysis 4
The SPSS program was used for data analysis (SPSS, 1989 (SPSS, -2001 . Analysis of 5 variance and t-test were used to evaluate the significance and difference of data.
6
Values were considered significant at P<0.05 level. Results and discussions 9 
Screening of solvents for the enzymatic glycerolysis of tuna oil.
10
To select the most suitable solvent for the glycerolysis reaction system, the 11 effect of organic solvents on the catalytic activity of the lipase was examined. The in CSTR. Therefore, the selection of solvent seems affected by many different issues.
21
As information collected so far, it is strongly dependent on the selection of lipases.
22
Other issues such as oil type, reactor selection, and reaction mechanism might have 23 effect as well. As to this study, we decided to use MTBE for further study. The highest yield of MAG of 20.7 wt% contained 15.7 wt% PUFA was obtained 9 when 4% the water was added in glycerol. When more than 4 % water was added, the 10 yield of MAG dropped gradually. This may be due to hydrolysis. Yamane, Kang, 
Effect of substrate concentration in MTBE
15
In a solvent system, the concentration of substrate will eventually affect the 16 reaction rate based on Michaelis-Menten kinetics even though solvent can help create 17 a homogeneous system. In order to select an efficient initial substrate (tuna oil) 18 concentration for glycerolysis, the effect of tuna oil concentration was investigated.
19
The results are shown in Fig. 3 Bornscheuer and Yamane (1994) showed that the optimum mole ratio of glycerol to 10 palm olein for MAG production in the solid-phase system was 2.7:1 where at lower 11 glycerol to TAG mole ratio (1:2), the main product of glycerolysis was 12 diacylglycerols. Therefore, the amount of glycerol affected also the reaction 13 equilibrium. In the present study, 10 %w/v of tuna oil with ca. 3 fold glycerol addition 14 in moles gave the optimal system of the glycerolysis reaction. 16 The effect of IM-AK loading on MAG production was determined. The results 
Effect of IM-AK loading
Effect of temperature
22
Temperature plays two roles in the reaction system. Firstly, higher temperature 23 can reduce the viscosity as well as improve the substrate diffusion or its solubility.
24
Secondly, enzymes usually have a temperature optimum. Therefore, an optimal 25 temperature should be selected in terms of the overall performance of the reaction.
1
The effect of temperature (30-50°C) on MAG production from tuna oil was studied.
2
When temperature was controlled in 30-45°C, the MAG production increased with 3 increasing temperature (data not shown). This result was a consequence of the 4 increase in the reaction rate. In contrast, when increasing the temperature from 45 to 5 55°C the yield of MAG was decreased. The temperature of 45°C was considered an 6 optimal temperature for the reaction system. 8 Stability of IM-AK in MTBE was studied at 4 and 45°C. The results show that 9 more than 88 and 80% of hydrolytic activity remained after incubation for 24 h, 10 respectively (data not shown). However, Fukui, Kawamoto, Sonomto and Tanaka
Stability of IM-AK in MTBE mixture
11
(1990) found that benzene was better for lipase stability while gave a moderate result 12 for lipase activity. Kang and Rhee (1989) suggested that the immobilized lipase 13 activity in a reverse-phase system decreased as the polarity of solvent increases. 
MAG production under optimal conditions
21
The optimal conditions for MAG production were decided as tuna oil The reaction products were separated by TLC. The fatty acid profiles of each 3 band (glyceride species) were determined by GC ( Table 1) 
Kinetics of the glycerolysis using both Lipase AK and IM-AK
Conclusions
22
Glycerolysis of tuna oil was investigated to produce MAG rich in PUFA using Abbreviations and notes to Y-axis see Figure 1 . 
